Recent studies suggest that intercellular transport via plasmodesmata (PD) is regulated by cellular redox state. Until now, this relationship has been unclear, as increased production of reactive oxygen species (ROS) has been associated with both increased and decreased intercellular transport via PD. Here, we show that silencing two genes that both increase transport via PD, INCREASED SIZE EXCLUSION LIMIT1 (ISE1) and ISE2, alters organelle redox state. Using redox-sensitive green fluorescent proteins targeted to the mitochondria or plastids, we show that, relative to wild-type leaves, plastids are more reduced in both ISE1-and ISE2-silenced leaves, whereas mitochondria are more oxidized in ISE1-silenced leaves. We further show that PD transport is positively regulated by ROS production in mitochondria following treatment with salicylhydroxamic acid but negatively regulated by an oxidative shift in both chloroplasts and mitochondria following treatment with paraquat. Thus, oxidative shifts in the mitochondrial redox state positively regulate intercellular transport in leaves, but oxidative shifts in the plastid redox state counteract this effect and negatively regulate intercellular transport. This proposed model reconciles previous contradictory evidence relating ROS production to PD transport and supports accumulating evidence that mitochondria and plastids are crucial regulators of PD function.
Cellulosic cell walls prevent contact between plant cell membranes. Plants have evolved cell wall spanning, plasma membrane-lined channels called plasmodesmata (PD) that enable cell-to-cell transport. PD mediate transport of micro-and macromolecules, including metabolites, proteins, RNA, and plant viruses. PD transport is a vital function in plants, and mutants lacking PD have not been isolated. PD transport is tightly regulated throughout growth and development and in response to environmental stimuli. In general, developing tissues, such as young embryos, root tips, and sink leaves, permit larger molecules to traffic between cells, whereas in mature leaves, intercellular transport of large molecules is restricted. PD transport capacity is correlated with PD ultrastructure; most PD in young tissues are composed of a single channel, whereas PD in older tissues are frequently modified or branched (for review, see Burch-Smith et al., 2011b) .
Recent genetic studies suggest that alterations in the redox state of plant cells may regulate cell-to-cell trafficking via PD. A plastid-localized thioredoxin was identified in a mutant screen for decreased unloading of GFP from seedling root phloem. This mutant, gfp arrested trafficking1 (gat1), which encodes THIOREDOXIN M-TYPE3 (TRX-m3), also showed elevated production of reactive oxygen species (ROS; Benitez-Alfonso et al., 2009) . In fact, the decreased phloem unloading phenotype could be replicated by treating seedlings with either paraquat or alloxan, compounds that lead to overproduction of ROS. We identified a mutant, increased size exclusion limit1 (ise1), which exhibits increased transport via PD during embryogenesis (Stonebloom et al., 2009 ). ISE1 encodes a mitochondria-localized putative RNA helicase. Silencing ISE1 in Nicotiana benthamiana leaves also shows an increased intercellular transport phenotype. Both ise1 mutant and ISE1-silenced tissues exhibit increased production of ROS. The transmembrane proton gradient is defective in ise1 mitochondria and likely leads to the observed increase in ROS production (Stonebloom et al., 2009) . Thus, genetic studies have identified plastid and mitochondrial mutants that both induce the production of ROS, but with opposite effects on intercellular transport via PD.
Numerous conditions that limit plant growth and development also alter cellular redox state. The best studied redox changes are those inducing oxidative stress such as high light, cold, heat, drought, flood, and pathogen attack. ROS also are produced during normal growth and development and have important signaling functions. Because different forms of reactive oxygen, such as superoxide anion, singlet oxygen, hydroxyl radicle, or hydrogen peroxide (H 2 O 2 ), are produced in specific subcellular locations by distinct stimuli and then interact with distinct ROS sensors and signal transduction pathway components in each subcellular compartment, changes in plant cellular redox state are well poised to modulate cellular responses to changing environmental conditions (Foyer and Noctor, 2009 ) as well as endogenous developmental processes (Bashandy et al., 2010; Tsukagoshi et al., 2010) . Ascorbic acid/dehydroascorbic acid and glutathione (GSH)/glutathione disulfide act as redox buffers to regulate cellular responses to changes in environmental conditions (Potters et al., 2010) . The status of the GSH and ascorbic acid pools is generally regarded as a reliable proxy for the overall redox state of a particular tissue, cell, or cellular compartment.
Here, we test whether changes in plastid or mitochondrial redox state participate in the regulation of intercellular transport via PD. Silencing ISE1 or ISE2 results in increased intercellular transport via PD and increased production of secondary PD (Burch-Smith and Zambryski, 2010) . We demonstrate that the redox state of plastids is reduced in leaves after silencing either gene and that the redox state of mitochondria is oxidized in ISE1-silenced leaves. To further test whether changes in organelle redox state are sufficient to affect PD function, Arabidopsis (Arabidopsis thaliana) leaves were treated with moderate levels of inhibitors of mitochondrial or plastid metabolism known to induce ROS production in the organelles, and then cell-to-cell transport via PD was measured. ROS production in mitochondria leads to increased cell-to-cell transport, and ROS production in plastids leads to decreased cell-to-cell transport. The effects and specificity of metabolic inhibitor treatments or gene silencing on organelle redox states were evaluated and confirmed by examining leaves expressing redox-sensitive GFP (roGFP) targeted to the mitochondria (mito-roGFP1) or plastids (plastid-roGFP2). ise1 and ise2 mutants and virus-induced gene silencing (VIGS) of ISE1 and ISE2 increase intercellular transport and induce the production of secondary PD (Stonebloom et al., 2009; Burch-Smith and Zambryski, 2010) . ISE1 localizes to mitochondria, and both ise1 mutants and ISE1-silenced tissue exhibit increased production of ROS (Stonebloom et al., 2009 ). The specific effects of loss of ISE1 function on redox state in subcellular compartments, however, are unknown. ISE2 localizes to plastids, as has been recently demonstrated using bioinformatics, proteomics, and microscopy (Ichikawa et al., 2006; Olinares et al., 2010; Burch-Smith et al., 2011a) , and its effect on cellular redox state has not been tested. To monitor specific redox states in subcellular compartments, we utilized roGFPs that target to the cytoplasm, mitochondria, or plastids.
roGFPs are a set of GFP variants in which two Cys residues have been introduced near the fluorophore. Formation of a disulfide bridge between the two introduced cysteines induces a structural rearrangement of amino acid side chains contacting the chromophore, favoring a neutral rather than an anionic chromophore (Cannon and James Remington, 2009 ). The neutral and anionic forms of the chromophore possess distinct peak fluorescence excitation wavelengths at 400 and 495 nm, respectively. Measurement of roGFP fluorescence intensity following excitation at each excitation maximum permits an evaluation of the relative proportion of roGFP in a reduced or oxidized state. In vitro and in vivo studies have shown that roGFPs are in equilibrium with the redox potential of the GSH pool (Schwarzländer et al., 2008) . Therefore, changes in the proportion of oxidized roGFP reflect changes in the ratio of GSH to GSH disulfide in the subcellular compartment where roGFP is targeted. roGFPs have been used in Arabidopsis to examine the cellular redox state during root development (Jiang et al., 2006) , drought stress (Jubany-Mari et al., 2010) , dark treatment (Rosenwasser et al., 2011) , and response to treatment with metabolic inhibitors (Lehmann et al., 2009; Schwarzländer et al., 2009) .
We first silenced ISE1 and ISE2 via VIGS in N. benthamiana plants (as in Burch-Smith and Zambryski, 2010) . Then, cytoplasmic (cyto)-roGFP1, mito-roGFP1, or plastid-roGFP2 were transiently expressed in silenced leaves, and the oxidation states of six regions from at least eight leaves were measured using ratiometric fluorescence microscopy. Silencing ISE1 induced oxidation of mito-roGFP1, reduction of plastid-roGFP2, and did not significantly alter the redox state of cyto-roGFP1 (Fig. 1) . Silencing ISE2 induced reduction of plastid-roGFP2 and cyto-roGFP1 but did not affect the oxidation state of mito-roGFP1 (Fig. 1) . These results indicate that the net increases in ROS accumulation seen in ise1 mutants and ISE1-silenced plants, which had been observed using techniques that cannot resolve the subcellular location of ROS accumulation (Stonebloom et al., 2009) , are actually due to increases in ROS production specifically within the mitochondria. Unexpectedly, silencing either ISE1 or ISE2 induces reductive shifts in plastids, although ISE1 localizes exclusively to mitochondria. The data together reveal that oxidative shifts in mitochondria and reductive shifts in plastids lead to increased cellto-cell transport. The data further suggest interorganelle signaling between mitochondria and plastids in the absence of ISE1 function.
The localization of mito-roGFP1 and cyto-roGFP1 has been documented previously (Jiang et al., 2006) . Figure 2 documents the plastid-specific localization of the plastid-roGFP2 constructed herein. 
Effects of Metabolic Inhibitor Treatment on Intercellular Transport via PD
To determine whether changes in individual organelle redox state are capable of regulating PD function, we selected metabolic inhibitors predicted to specifically alter the redox state of chloroplasts or mitochondria and then determined their impact on PD-mediated intercellular transport. Paraquat (also called methyl viologen dichloride) is a herbicide that primarily affects plants by acting as a terminal oxidant for PSI and by direct oxidation of plastid reductants, including NADP + and ferredoxin (Farrington et al., 1973; Babbs et al., 1989; Foyer and Noctor, 2009) . Reduced paraquat interacts with molecular oxygen to yield superoxide, and then paraquat serves as an oxidant again, creating a redox cycle that rapidly increases ROS levels and oxidizes the plastids. Salicylhydroxamic acid inhibits the mitochondrial alternative oxidase, an enzyme that allows electrons to bypass the mitochondrial electron transport chain by transferring electrons from ubiquinol to oxygen, thus limiting the translocation of protons and decreasing the efficiency of ATP generation (Schwarzländer et al., 2009) . The alternative oxidase pathway is induced in response to cold and other stresses and serves to stabilize cellular redox state (Armstrong et al., 2008) . Inhibition of the alternative oxidase pathway leads to production of ROS, specifically in the mitochondria (Maxwell et al., 1999) .
To evaluate the effects of metabolic inhibitors on PD transport, we developed a particle bombardmentbased, cell-to-cell movement assay for Arabidopsis leaves following metabolic inhibitor treatment. Expanded true leaves of 11-d-old Arabidopsis seedlings were removed and placed on agar media with varied concentrations of paraquat or salicylhydroxamic acid. We initially applied relatively high concentrations of metabolic inhibitors (2 mM salicylhydroxamic acid and 100 mM paraquat) comparable to the amounts used by other investigators studying oxidative stress (Schwarzländer et al., 2009 ). These high concentrations induced severe damage to leaf tissues within 24 h of application. We therefore serially reduced the concentrations of the compounds to find optimal levels that did not affect leaf viability after 24 h of treatment but still likely affected the cellular redox state. One micromolar paraquat and 200 mM salicylhydroxamic acid treatments were used for the first set of experiments.
Our assay for the effects of metabolic inhibitors on cell-to-cell transport via PD involves four steps. First, true leaves from 11-d-old Arabidopsis plants were isolated and placed on growth medium plates. Second, low-pressure particle bombardment was used to introduce plasmid DNA containing a 35S::sGFP expression cassette into isolated epidermal cells. To ensure efficient and random transfection of DNA, the abaxial epidermis was bombarded twice in rapid succession. Third, leaves were transferred to one-half-strength Murashige and Skoog plates supplemented with 1% Suc and metabolic inhibitors or a comparable volume of the relevant solvent. Treated leaves were incubated for 24 h under constant light. Fourth, GFP-expressing foci were imaged using confocal laser scanning microscopy. Images were captured as stacks of confocal sections through the epidermal layer in the region of each GFP-expressing cell. Examples of reconstructed projections of stacked images for typical GFP foci after treatment with each metabolic inhibitor are presented in Figure 3 . Control leaves (water treatment for paraquat experiments, dimethyl sulfoxide [DMSO] treatment for salicylhydroxamic acid experiments) show visible movement of GFP away from the initial transfected cell. Leaves treated with salicylhydroxamic acid show significantly more intercellular transport of GFP than control leaves (Fig. 3A) , whereas leaves treated with paraquat show significantly less intercellular transport of GFP than untreated leaves (Fig. 3C) . Figure 3 and Tables I and II present a quantitative study of cell-to-cell movement in approximately 50 independent foci for each treatment, where the number of contiguous rings of cells with detectable levels of GFP away from each primary transfected cell was counted. Free GFP (27 kD) is below the size limit of the nuclear pore, so GFP movement into cells surrounding the initial transfected cell is visible by GFP fluorescence in nuclei, where GFP can accumulate. Nuclear localization is an easily scorable marker for quantifying cell-to-cell movement in the leaf epidermis, as shown previously (Stonebloom et al., 2009; BurchSmith and Zambryski, 2010) . In control leaves, GFP was confined to two or fewer rings of cells in 55% of expression foci and could travel as far as four cells away from the initial transfected cell. Treatment with 200 mM salicylhydroxamic acid treatment dramatically induced cell-to-cell movement of GFP in leaves: Only 28% of foci exhibited movement of GFP to two or fewer rings of cells, and 72% exhibited movement to three or more rings of cells (Fig. 3, A and B) . In contrast, following treatment with 1 mM paraquat, GFP was restricted to two or fewer rings of cells in 83% of foci and was never observed in cells more than three rings away from the initial transfected cell (Fig. 3, C  and D) . Thus, 1 mM paraquat treatment markedly decreased the cell-to-cell movement of GFP. Treatment with salicylhydroxamic acid or paraquat significantly affected the measured intercellular transport in this assay (n . 43, P , 0.001).
To determine whether a threshold exists for the oxidative shifts necessary to alter the transport abilities of leaf epidermal PD, we serially reduced the concentrations of metabolic inhibitors in our movement assay. The cell-to-cell movement assay was repeated with 20 and 2 mM salicylhydroxamic acid treatments and 0.1 and 0.01 mM paraquat treatments. Treatment with these lower concentrations of salicylhydroxamic acid did not significantly alter cell-to-cell movement of GFP (P . 0.05; Table I ; Fig. 3B ). In control leaves, GFP trafficked to three or more rings of cells in 42.6% of foci, and 20 or 2 mM salicylhydroxamic acid treatment similarly induced movement to three or more rings of cells in 56% or 47% of foci, respectively, whereas treatment with 200 mM salicylhydroxamic acid induced movement to three or more rings of cells in 72% of foci. Similarly, treatment of Arabidopsis leaves with concentrations of paraquat , 1 mM did not significantly inhibit cell-to-cell movement (P . 0.05), and GFP moved up to four rings of cells as in control leaves (Fig. 3D) . GFP was restricted to one or fewer rings of cells in 28% (control), 30% (0.1 mM paraquat treatment), and 29.4% (0.01 mM paraquat treatment) of foci (Table II) . In contrast, in leaves treated with 1 mM paraquat, GFP was restricted to one or fewer rings of cells in 43% of foci (Table II) . In summary, treatment with lowered concentrations of paraquat and salicylhydroxamic acid did not notably affect cell-to-cell movement of GFP. Thus, the higher concentrations of each compound used for the results presented in Figures 3 and 4 approach the minimum concentrations necessary to induce statistically significant changes in cell-to-cell movement.
Effects of Metabolic Inhibitor Treatment on Cellular Redox State
To evaluate redox state in different cellular compartments following metabolic inhibitor treatment, we measured the oxidation state of roGFP in transgenic Arabidopsis seedlings expressing cyto-roGFP1, mitoroGFP1, or plastid-roGFP2. As in the cell-to-cell movement assay, expanded true leaves were removed from 11-d-old seedlings and placed on agar media containing inhibitors. Leaves treated for 24 h with 200 mM salicylhydroxamic acid or 1 mM paraquat were imaged by ratiometric fluorescence excitation microscopy. Fluorescence intensity ratios in about 50 foci distributed over at least eight leaves were then used to calculate the proportion of oxidized roGFP (Fig. 4) .
As expected, treatment with 200 mM salicylhydroxamic acid induced ROS production specifically in the mitochondria, while inducing a very minor oxidative shift in plastids and the cytoplasm. On the other hand, treatment with paraquat, although believed to have little direct impact on mitochondrial redox state in plants (Vicente et al., 2001) , showed strong induction of ROS production in plastids, mitochondria, and cytoplasm. These data imply that an oxidative shift in the plastid leads to secondary effects in the cytoplasm and mitochondria, further demonstrating cross talk between the organelles, as shown above when VIGS of mitochondria-localized ISE1 led to reductive shifts in plastids (Fig. 1) .
Because treatment with reduced concentrations of paraquat or salicylhydroxamic acid did not significantly affect transport via PD, we tested whether these lower concentrations have a significant effect on subcellular redox states. Leaves expressing transgenic cyto-roGFP1, mito-roGFP1, or plastid-roGFP2 were treated with the lowered concentrations of each metabolic inhibitor and examined using ratiometric fluorescence microscopy. Treatment with lowered concentrations of salicylhydroxamic acid did not significantly affect the subcellular redox states as reported by roGFP (Fig. 5, A, C, and E) . As a slight exception, treatment with 20 mM salicylhydroxamic acid led to minor oxidation of mito-roGFP1, but this small change was insufficient to induce detectable changes in intercellular transport using the cell-to-cell movement assays. Treatment with 0.1 or 0.01 mM paraquat did not induce significant changes in the redox state of cyto-roGFP1, mito-roGFP1, or plastid-roGFP2 (Fig. 5 , B, D, and F). We conclude that the changes in intercellular transport with 1 mM paraquat or 200 mM salicylhydroxamic acid (Fig. 3) reflect the lowest concentration capable of also inducing changes in redox state.
DISCUSSION
Here, we show that oxidative shifts in both chloroplasts and mitochondria of Arabidopsis leaves, induced by treatment with paraquat, result in decreased transport via PD. Oxidation of only mitochondria, induced by treatment with salicylhydroxamic acid, instead leads to increased cell-to-cell transport via PD. In accordance with these results, silencing ISE1 (which encodes a mitochondrial RNA helicase; Stonebloom et al., 2009) induces an oxidative shift in only the mitochondria and a reductive shift in plastids and causes increased intercellular transport via PD. Silencing ISE2 (which encodes a plastid RNA helicase; Burch-Smith et al., 2011a) does not affect the mitochondrial redox state but does induce a reductive shift in plastids and also causes increased transport via PD. The results imply that plastids and mitochondria differentially alter PD in response to their redox states. We therefore propose that oxidative shifts in mitochondria positively regulate PD-mediated transport, whereas oxidative shifts in plastids override this mitochondrial regulation to negatively regulate PDmediated transport. Furthermore, based on the reductive shift in plastids observed in ISE2-silenced leaves that occurs without alteration to the mitochondrial redox state, reduction of plastids promotes intercellular transport via PD (Fig. 6) .
The data provide two examples of cross talk between plastids and mitochondria. First, silencing mitochondrial ISE1 reduces the redox state of plastids. Second, paraquat induces an oxidative shift in both chloroplasts and mitochondria, which negatively regulates intercellular transport via PD. Because salicylhydroxamic acid induces oxidative shifts in mitochondria, leading to increased PD transport, the paraquat-induced oxidative shift in chloroplasts must override mitochondrial oxidative shifts. These data are supported by independent microarray studies of ise1 and ise2 mutants, demonstrating that loss of either ISE1 or ISE2 function has numerous common effects in plastid-targeted gene expression (including downregulation of ISE2 transcription) but little common impact on mitochondria-targeted gene expression (Burch-Smith et al., 2011a) . Note further that plastid and mitochondrial retrograde signaling to the nucleus can both be initiated by changes in the redox state of these organelles (Rhoads, 2011) .
We recently proposed a model of organelle-nucleus-PD signaling that connects plastid development, especially the induction of photosynthesis-related nuclear genes during the midtorpedo stage of embryogenesis, to PD structure, function, and biogenesis (Burch-Smith et al., 2011a) . Besides plastid-targeted gene products, Burch-Smith et al. (2011a) further demonstrate that genes for products that localize to PD or to plant cell walls are also altered during mitochondrial (ise1 mutant) or plastid (ise2 mutant) dysfunction. Potentially, alterations in mitochondrial or plastid redox states also utilize organelle-nucleus-PD signaling to signal alterations in expression of genes that encode products that alter PD formation or function.
Independent studies demonstrate that a mutant for the plastid thioredoxin gat1/trx-m3 exhibits decreased intercellular transport via PD and increased ROS production, and paraquat treatment phenocopies this result (Benitez-Alfonso et al., 2009) . Biochemical studies have argued that paraquat predominantly acts to oxidize chloroplasts in plant cells (Vicente et al., 2001) , although paraquat does function as an oxidant in animal mitochondria by accepting electrons from complex I of the mitochondrial electron transport chain (Cochemé and Murphy, 2008) . The data presented here suggest that mitochondria, chloroplasts, and cytoplasm are all profoundly oxidized following treatment with minimal concentrations of paraquat. These results further demonstrate substantial cross talk among subcellular compartments because the oxidative shift in plastids induced by paraquat leads to broad oxidation of the cell. Similarly, loss of GAT1/TRX-m3 function likely results in a local oxidative shift in plastids, which in turn leads to oxidation of other subcellular compartments.
Beyond organelle-nucleus signaling initiated by changes in organelle redox state due to aberrant ROS production within the organelles, there are likely two distinct types of pathways where ROS may function directly or as upstream signals to modify PD. First, ROS may act directly as oxidants at or near PD to alter their formation or function. For example, de novo biogenesis of secondary PD necessarily entails modification of the cell wall to allow for the membranebound channel to form. Several studies indicate that hydroxyl radicals can directly cause cell wall loosening or breakage through oxidation of cell wall polysaccharides and that this process occurs in vivo through controlled release of hydroxyl radicals (Cosgrove, 2005; Mü ller et al., 2009; Tsukagoshi et al., 2010) . Cytological and proteomic studies further indicate that several class III peroxidases may localize to PD, where they could produce H 2 O 2 to rapidly induce changes to cell wall polysaccharides around PD to dynamically regulate PD structure and function (Ehlers and van Bel, 2010; Fernandez-Calvino et al., 2011) . Thus, ROS may participate directly in promoting the formation of secondary PD or in cell wall modifications near PD.
Second, ROS may act as upstream signaling molecules to facilitate intracellular communication, resulting in alterations of PD either through regulation of protein activity or transcriptional regulation of genes associated with PD. The deposition of callose (b-1,3-glucan), a cell wall polysaccharide, is positively regulated by ROS produced in response to aluminum uptake and pathogen response in a pathway mediated by Ca 2+ signaling (Jones et al., 2006; Luna et al., 2011) . Deposition of callose at PD occludes intercellular transport, and increased callose synthesis has been suggested to contribute to the decreased intercellular transport phenotype observed in gat1/trx-m3 mutants (Benitez-Alfonso et al., 2009 ). Thus, ROS may function in the cytosol to promote callose-mediated downregulation of PD transport.
Besides site of production, a recent, elegant study measuring changes in permeability of Arabidopsis roots (Rutschow et al., 2011) supports that ROS quantity regulates PD function. After only 2 h of treatment, application of low concentrations of H 2 O 2 (0.6 mM) to root tips increases PD permeability, but application of high concentrations of H 2 O 2 (6 mM) to root tips nearly abolished PD permeability. The authors speculate that plant cells may interpret low concentrations of ROS as a stress that might be ameliorated by increased cellular connectivity, while high concentrations of ROS signal a more extreme state where cellular isolation is benefi- Figure 6 . Organelle redox states differentially regulate PD. VIGS of ISE1 or ISE2 or treatment with salicylhydroxamic acid or paraquat (PQ) alter (increase, blue arrow; decrease, orange bar) PD-mediated transport and induce shifts in the redox states of plastids (green) and/or mitochondria (pink). See text for details. Purple, Endoplasmic reticulum; yellow, cell wall.
cial. Treatment with similarly high concentrations of H 2 O 2 leads to rapid and virtually complete oxidation of GSH pools in the plastids, mitochondria, and cytoplasm in Arabidopsis roots and leaves (Jiang et al., 2006; Rosenwasser et al., 2010) .
The connection between mitochondrial physiology and PD transport has been previously characterized in studies linking abiotic stress to intercellular transport. Roots often encounter hypoxic or anoxic conditions during flooding (Gibbs and Greenway, 2003) , and anoxia in turn induces profound metabolic changes in mitochondria (Blokhina et al., 2001; Blokhina and Fagerstedt, 2010) . In correlation, anaerobic or sodium azide treatments of wheat (Triticum aestivum) seedling roots induce an increase in the PD size exclusion limit (Cleland et al., 1994) , and treatment of Arabidopsis seedling roots with the respiratory inhibitor cyanide m-chlorophenylhydrazone induces symplastic unloading of carboxyfluorescein from the transport phloem in the treated region (Wright and Oparka, 1997) . The present study indicates that the oxidative shift associated with these mitochondrial stresses is likely the upstream signal inducing increased intercellular transport via PD. These physiological examples also indicate one possible explanation for the observed relationship between oxidized mitochondria and increased PD-mediated transport: During anoxia, greater intercellular connectivity may allow end products of carbohydrate catabolism to flow from anoxic zones to regions capable of supporting oxidative phosphorylation, thus promoting efficient use of metabolic resources (Gibbs and Greenway, 2003) .
Plastids coordinate many aspects of plant physiology because they are the sites of photosynthesis and many secondary metabolic processes. Moreover, plastids are crucial sensors of both abiotic and biotic stresses and then initiate and regulate cellular stress responses (Piñ as Fernández and Strand, 2008) . Signaling from the plastids to other cellular compartments, especially the nucleus, is likely achieved through multiple pathways, and the plastid redox state has been established as a central upstream signal in intracellular coordination of stress responses (Foyer and Noctor, 2005; Potters et al., 2010) . Previous studies have hinted that intercellular transport via PD is regulated by plastid metabolic processes (Botha et al., 2000; Provencher et al., 2001) , and a recent study argues that inhibition of photosynthesis during chilling stress is related to restriction of intercellular transport via PD, further connecting plastid physiology to regulation of PD (Bilska and Sowinski, 2010) . As mentioned above, microarray studies of ise1 and ise2 mutants suggest that plastid development and photosynthesis are also essential for regulating intercellular transport via PD during embryogenesis (BurchSmith et al., 2011a) .
Here, we show that oxidized or reduced plastids differentially regulate intercellular transport via PD. Plastid GSH pools remain highly reduced under typical, unstressed conditions (Law et al., 1983) ; thus, a strongly oxidized plastid (whether induced by paraquat, mutation, or stress) is a very unusual state. Plant cells may have evolved to reduce PD transport to prevent loss of resources to neighboring cells when coping with metabolic stress indicated by strongly oxidized plastids. Symplasmic isolation of oxidatively damaged or dying cells prevents widespread harm, and indeed occurs during programmed cell death or pathogen response (Roberts and Oparka, 2003) . Intracellular accumulation of photosynthates and other metabolites may then initiate feedback loops to regulate metabolic processes, including expression of photosynthesis genes (Paul and Foyer, 2001 ). On the other hand, plastids with reduced redox states promote intercellular transport, allowing for increased symplasmic communication and exchange of resources when the plant is not experiencing oxidative stresses.
CONCLUSION
Silencing two genes whose products localize to mitochondria (ISE1) or plastids (ISE2) increases ROS production in mitochondria (in the case of silenced ISE1) and decreases ROS production in plastids (in both cases), and loss of either gene function leads to increased PD transport. Two compounds that differentially alter the redox state of mitochondria and plastids have opposite effects on cell-to-cell transport via PD: Salicylhydroxamic acid induces ROS production in mitochondria and leads to increased intercellular transport, whereas paraquat induces oxidative redox shifts in both plastids and mitochondria, leading to decreased intercellular transport. Thus, ROS production in plant organelles triggers intracellular communication pathways that alter intercellular communication via PD, providing strong evidence that PD function is intimately linked to the physiological state of plant cells.
MATERIALS AND METHODS

Plant Material
Arabidopsis (Arabidopsis thaliana Columbia-0) ecotype seedlings expressing roGFP1 targeted to the cytoplasm and mitochondria were described by Jiang et al. (2006) , and Arabidopsis Columbia-0 ecotype seedlings expressing roGFP2 targeted to the plastids were described by Schwarzländer et al. (2008) . Nicotiana benthamiana plants were grown as previously reported (Stonebloom et al., 2009 ).
Plant Growth Conditions
For particle bombardment and metabolic inhibitor treatments, Arabidopsis seeds were surface sterilized and grown on agar plates containing 0.8% Bacto Agar, 0.53 Murashige and Skoog medium, and 1% Suc, pH 5.6. Seedlings were grown in a Conviron plant growth chamber under long-day conditions (16 h of light, 8 h of dark) at 22°C. For movement assays and metabolic inhibitor treatment, expanded true leaves were excised from 11-d-old seedlings with a razor blade. Following bombardment and transplanting of leaves to plates containing metabolic inhibitors, leaves were placed in a plant growth room under constant light.
Cell-to-Cell Movement Assay
Microprojectile bombardment was conducted as in Crawford and Zambryski (2000) , with slight modifications. A total of 5 mg of pRTL2-sGFP plasmid was precipitated onto 750 mg of 1.0-m gold particles (Bio-Rad). Gold particles were resuspended in 100% ethanol and then dried onto rupture discs prior to bombardment. Leaves were placed on growth medium plates and covered with plastic mesh to stabilize the leaves on the plate during bombardment. Bombarded leaves were transferred to agar plates containing metabolic inhibitors or a comparable quantity of the control solvent (salicylhydroxamic acid was dissolved in DMSO, whereas paraquat was dissolved in water). Imaging of expression foci was conducted with a Zeiss 510 Meta UV-vis microscope equipped with argon ion (458/488 nm) and helium/neon (543 nm) lasers. GFP was excited with the 488-nm laser band at 49% laser power, and emitted light was collected between 505 and 530 nm. Foci were imaged with a 253 oil immersion objective. Z-stacks were collected through the epidermis in the region of each primary expression focus.
Ratiometric Measurement of roGFP
roGFP imaging and analysis of roGFP excitation ratios was conducted as in Jiang et al. (2006) . Leaves were imaged on a Nikon Diaphot Nikon FN600 microscope (Nikon) fitted with Plan Fluor 103/0.3 numerical aperture dry objectives and a Chroma Technology Phluorin filter set (exciters D410/30 and D470/20, dichroic mirror 500DCXR, emitter HQ535/50). Images were acquired with a Hamamatsu Orca-100 cooled CCD camera (Hamamatsu). Images were processed, and the relative fluorescence intensity was measured using MetaFluor 6.1 image analysis software (Molecular Devices), which controlled both filters and the data collection. The 410:474 fluorescence ratios were normalized using maximal reduced, and oxidized values were obtained after adding 100 mM H 2 O 2 or 200 mM dithiothreitol; the ratio under maximally oxidized conditions was set equal to 1.0, and the minimum ratio measured during fully reduced conditions was set to 0. The relative fluorescence intensities in the 410-and 474-nm images were measured, and the relative proportion of roGFP in the oxidized or reduced state was calculated for leaves expressing each roGFP construct as in Jubany-Mari et al. (2010) . For metabolic inhibitor treatments, fluorescence intensity measurements were made for six regions in eight leaves expressing each roGFP construct.
VIGS
VIGS was performed as in Burch-Smith and Zambryski (2010) .
Transient Expression of roGFPs
roGFP1 and roGFP2 differ in that roGFP2 contains a S65T substitution in addition to the introduced cysteines at positions 147 and 204. The redox potentials at which equal amounts of roGFP1 and roGFP2 are in reduced and oxidized states (the midpoint potentials) are distinct: 2288 mV (roGFP1) and 2272 mV (roGFP2), respectively (Schwarzländer et al., 2008) . Therefore, roGFP1 is more appropriate for measurements of the more reduced cytoplasm and mitochondria, whereas roGFP2 is better suited for measurement of changes in the redox state of more oxidizing environments such as chloroplasts. To produce plastid-targeted roGFP2 for transient expression in N. benthamiana, the sequence coding for the mitochondrial transit peptide in the mito-roGFP2 expression plasmid (Jiang et al., 2006) was replaced with that coding for the Rubisco small subunit transit peptide. The Rubisco small subunit transit peptide sequence was amplified from Arabidopsis cDNA using primers rbcsTPF_Nco1 5#-CCATGGCTTCCTC-TATGCTCTC-3# and rbcsTPR_spe1 5#-ACTAGTGGAATCGGTAAGGTCAG-GAAG-3#. The mitochondrial transit peptide coding sequence was excised from a mito-roGFP2 plasmid and replaced with the Rubisco small subunit chloroplast transit peptide using Nco1 and Spe1 restriction sites. Agrobacterium tumefaciens-containing binary vectors inducing expression of cyto-roGFP1, mitoroGFP1, or plastid-roGFP2 were induced for vir gene expression and then infiltrated into N. benthamiana leaves using standard protocols (Stonebloom et al., 2009) . Leaves were imaged 48 h after agroinfiltration. The plastid localization of plastid-roGFP2 was confirmed using confocal microscopy (Fig. 2) .
Statistical Analyses
The Mann-Whitney U test was used to determine the significance of results in Figures 1, 3, 4 , and 5 and Tables I and II. 
